Objective: To evaluate the pattern of change in blood glucose concentrations and hypoglycemia risk in response to prolonged aerobic exercise in adolescents with type 1 diabetes (T1D) that had a wide range in pre-exercise blood glucose concentrations.
| INTRODUCTION
Regular physical activity is recommended for a variety of reasons for young people living with type 1 diabetes (T1D). 1 However, a loss of glucose control, and in particular hypoglycemia, is a major barrier for youth living with the disease. [2] [3] [4] In general, prolonged aerobic exercise lowers blood glucose concentration, unless preventative measures are in place, such as carbohydrate feeding and/or insulin dose reductions. 5 To help prevent hypoglycemia, a majority of young patients tend to let their glucose levels rise well above target (note: regional variation in glucose targets exist, but the United Kingdom National Institute for Health and Care Excellence targets for youth with diabetes are 70 to 126 mg/dL for fasting and pre-meals and 90 to 162 mg/dL for 2 hours post-meal). 6 This common practice also goes against recent guidelines on exercise management in T1D that recommend glycemia to be between 126 and 180 mg/dL before exercise start time. 1, 7 These recommendations may be a barrier to youth with T1D who frequently have elevated glucose concentrations after meal consumption, or because of reduced basal and/or bolus insulin doses in anticipation of physical activity. 8 Surprisingly, very few studies have examined the glycemic responses to exercise in settings of pre-exercise hyperglycemia.
In one early study in which insulin was withheld for 24 hours, blood glucose, and ketone levels rose steadily in nine young adult males "with long-standing juvenile diabetes" (ie, assumed to be T1D) when the preexercise glucose concentrations were significantly elevated (>300 mg/ dL). 9 However, these patients were also in a state of ketosis at baseline (ketone bodies~2.0 mmol/L), a situation that should be less prevalent with the current intensive insulin treatment approaches, unless illness exists or patients have a problem with insulin delivery (eg, missed insulin dose, blocked infusion line, "bad" insulin, etc.).
One of the most discussed topics with patients around exercise management is the notion that there is unexplainable inter-patient variability in the glucose responses to exercise. 5, [10] [11] [12] [13] [14] [15] According to a limited number of small studies, a higher pre-exercise blood glucose concentration tends to be associated with a greater absolute drop in glycemia during prolonged aerobic exercise. 10, 13 Interestingly, in a recent study, the glucose nadir during exercise was lower in those who had higher aerobic fitness levels compared to those of lesser fitness. 16 The relatively small sample sizes in these and similar studies have made it difficult to determine if these variables and others, such as disease duration, age, weight, sex, or total daily insulin dose impact the change in glucose during exercise.
The purpose of this study was to profile the change in glucose level with prolonged aerobic exercise in a large dataset of adolescents with T1D that ranged markedly in their pre-exercise starting blood glucose concentrations. For this analysis, data were extracted from four previously published studies of aerobic exercise in adolescents with T1D in which the intensity and duration of the activities were similar. 5, 12, 17, 18 
| METHODS
This was a secondary analysis of individual participant data extracted from four separate studies of adolescents with T1D performing prolonged aerobic exercise in the post-meal state (ranging from 100 minutes to 4 hours post-meal). 5, 12, 17, 18 Across these studies, the relative exercise intensity was held reasonably consistent (~55-65% of maximal aerobic capacity [VO 2 max]) and the activity was performed either on a cycle ergometer 12, 17 or on a treadmill. 5, 18 The intended duration of exercise in these studies ranged from 45 to 60 minutes, but the activity was suspended in three of these studies if hypoglycemia ensued. 5, 12, 18 The exercise was performed in the morning in two studies, 12, 17 where the usual bolus insulin (Lispro or regular insulin) had been administered before a meal that occurred~100 to 120 minutes prior to the activity. In the other two studies, 5,18 the exercise was performed in the late afternoon, where circulating prandial insulin would have been low by exercise start time. Importantly for these analyses, all four studies were performed with no mealrelated adjustments to the prandial insulin and all studies had one trial visit in which no carbohydrate was ingested during the activity, unless hypoglycemia developed. In one study, Admon et al 17 gave 20 g of carbohydrate (in the form of a cookie) to the participants 15 minutes before exercise and 15 minutes after the exercise ended. Basal insulin was unchanged in three studies, 5, 12, 18 while in the Admon study, 17 the basal rate was reduced by 50% for the exercise period. A more detailed description of these studies can be found in the Appendix.
Individual participant data were extracted from the above selected studies and used for analysis if the following criteria were met: no carbohydrates were given during the exercise unless hypoglycemia developed;
and basal insulin was infused at the usual rate, or at a reduced rate (ie, by 50%) 17 during exercise in those participants using continuous subcutaneous insulin infusion (CSII). If a study participant was enrolled in more than one study, then only the first visit that met the above criteria was used. Partial Spearman's correlation was also conducted on a portion of the above factors while adjusting for study cohort and baseline glucose concentration. The characteristics of the participants who developed hypoglycemia during exercise were explored in a post-hoc analysis. Where possible, both continuous and categorical relationships were explored.
Nominal (uncorrected) P-values were adjusted for multiple comparisons, using the adaptive Benjamini-Hochberg false discovery rate procedure. All analyses were conducted using SAS version 9.4 (SAS, Cary, North Carolina) and presented using GraphPad Prism version 7.0 (GraphPad Software, California).
| RESULTS
All of the individual glucose data were available from the four previously published studies; however, nine participants were removed from the analysis in one of the DirecNet studies, 5 either because of hypoglycemia just before exercise (n = 8; all were treated with carbohydrate and then exercise was initiated thus contaminating our analysis) or because they had been involved in the other DirecNet study.
18 Table 1 P < 0.001). This association remained significant after adjusting for the original study cohort ( 
| DISCUSSION
Variability in blood glucose responses to exercise in individuals with T1D makes clinical recommendations to prevent hypoglycemia difficult. A majority of studies highlight "mean glucose values" when they describe how youth with T1D respond to different types of exercise and how insulin and/or carbohydrate intake might affect blood glucose concentrations. 5, [10] [11] [12] 17, 18 In contrast, this investigation highlights the individual variation in glucose responses to aerobic exercise to better understand the possible reasons behind patient variability.
We chose to include individual patient data from four previously published studies that had a similar exercise event (aerobic cycling or treadmill walking), but with divergent insulin administration strategies (ie, CSII, MDI) and a range of exercise start times with respect to prandial insulin dosing. The data extracted from these previously published studies was limited to the exercise sessions in which bolus insulin was not manipulated for exercise, basal insulin was not suspended and carbohydrate was not given during the exercise period to help prevent hypoglycemia. Our analysis showed marked glucose variability among adolescents with T1D performing prolonged exercise, even when the relative exercise intensity and duration was reasonably consistent. In our analyses, we found no impact of age, height, weight, BMI, BMI percentile, disease duration, total daily insulin dose, HbA 1c or sex on the change in glucose during exercise, nor on the glucose nadir during the activity (Table 2) . However, pre-exercise (baseline) glucose concentration was significantly associated with the magnitude of drop in glucose during exercise, explaining about half of the variance. Specifically, those adolescents with higher baseline glucose values tended to have a greater drop in glycemia during the activity, albeit with less risk for hypoglycemia overall. A pre-exercise blood glucose concentration of ≥200 mg/dL was associated with significantly less risk for hypoglycemia during the activity, albeit levels during exercise dropped at a greater rate as compared to the pre-exercise glucose values in a more euglycemic range (Figure 1 ).
It should be acknowledged that the four studies used in our analyses had protocol differences that may help to explain some of the variation in the glycemic response to prolonged exercise. For example, the cycling activity in the study by Riddell et al, 12 was performed in the late morning~100 minutes after the participants had administered their usual bolus of regular insulin at breakfast. This may help to explain the higher pre-exercise blood glucose levels at exercise start time and the greater drop in glucose concentration during the activity because of the later peak insulin action of this type of prandial insulin (Table 2 ). In the study by Admon et al, 17 morning cycling was conducted~2 hours after usual breakfast insulin (Lispro insulin), slightly after the peak insulin action for this prandial insulin. Moreover, in the latter study, subjects were also given a "free" carbohydrate snack before exercise (20 g ) and their basal insulin infusion rates were reduced by 50% just prior to exercise onset. This may help to explain the smaller drop in these subjects as compared to the participants in the study by Riddell et al. In contrast, the two DirecNet studies were performed in the late afternoon well after the lunchtime bolus insulin would have diminished. 5, 18 The unique differences in these studies help reflect the wide-ranging conditions that youth with T1D face during daily physical activity. On a school day, for example, a child may be physically active in a physical education class soon after a meal, when circulating prandial insulin may be elevated, or after school when active prandial insulin levels may be much lower.
FIGURE 1
Individual rank order of the pre-exercise (ie, baseline) glucose levels in 120 adolescents with T1D (upper panel), the change in glucose concentrations during exercise, as measured from pre-exercise value to the end of exercise value, with the above rankings preserved (middle panel), and the nadir in glucose as measured either during exercise or in early recovery with the pre-exercise glucose concentration rankings preserved. Red indicates that hypoglycemia (≤70 mg/dL) developed during exercise or in early recovery. Box whisker plots depict median, first to third quartile and the 5 to 95 percentiles for the pre-exercise glucose, end of exercise glucose and the nadir glucose for those subjects who did (red) and did not (black) develop hypoglycemia. Notes: * indicates that baseline glucose and glucose nadir were significantly lower in those adolescents who developed hypoglycemia as compared to those who did not. The top vertical dashed line in the upper panel indicates preexercise hyperglycemia while the bottom vertical dashed line indicates hypoglycemia a Partial Spearman's correlation adjusting for study and baseline glucose. Partial correlation of baseline glucose with change in glucose only adjusts for study. b Based on a univariate regression model adjusting for study cohort and baseline glucose. Nominal (uncorrected) P-values were adjusted using the adaptive Benjamini-Hochberg false discovery rate procedure. c Based on a multivariate regression model determined from stepwise selection with change in glucose as dependent variable. Nominal (uncorrected)
P-values were adjusted using the adaptive Benjamini-Hochberg false discovery rate procedure. Age and gender-adjusted BMI percentiles were used in lieu of raw BMI scores.
Nonetheless, using statistical methods to account for study cohorts, we clearly demonstrate that pre-exercise glucose concentration correlates moderately with the absolute decline in glucose levels during exercise (Table 2 ).
Our observations of a greater drop in glucose during exercise in those with pre-exercise hyperglycemia initially, reinforces what has been reported previously in youth with T1D. 10, 12, 13 This phenomenon may be related to a higher mass action effect on glucose disposal in the muscle and the recruitment of contraction-mediated glucose disposal via the glucose transporter 4 pathway. 19 It should be noted;
however, that although pre-exercise hyperglycemia was apparent in several youth in these studies, glucose levels likely drop during exercise, at least in part, because of significant elevations in the prandial insulin at the time of exercise, at least in two of the studies. 12, 17 Other factors may help to explain the wide-ranging responses to exercise including habitual physical activity levels, aerobic fitness, and nutritional habits. Unfortunately, our dataset did not contain information on the participants' history of physical activity, nutritional habits, nor on the level of muscle insulin sensitivity, all of which may impact the glycemic response to aerobic exercise.
Based on this analysis, it appears both safe and effective to start exercise with a glucose concentration > 200 mg/dL, since most patients with this level hyperglycemia dropped to a more targeted glucose range and did not develop hypoglycemia. Interestingly, we also found that patients on MDI tended to have a greater drop in glucose during exercise compared to those on CSII, likely because the former tended to also have higher pre-exercise glucose concentrations.
Clearly other strategies may be equally effective and more desirable to prevent hypoglycemia during exercise in youth with T1D, including a basal rate suspension for those on CSII, 18 reduced prandial insulin administration at the meal prior to exercise 20 and/or carbohydrate feeding.
12
Earlier studies conducted on insulinopenic patients with diabetes found that glucose levels do not drop and ketone levels rise markedly during prolonged, moderate-intensity exercise. 9 The likely reason for this finding is that all patients were purposely withheld from insulin administration for 24 hours rather than observed in their insulintreated state, which can result in hyperglycemia typically from not matching insulin administration to carbohydrate intake or from insufficient basal insulin, among other factors. It is important to note that none of the participants in this analysis had elevated ketone levels prior to exercise, and all were treated with basal-bolus insulin therapy either through MDI or CSII. It is also important to emphasize that the intensity of exercise was mild-to-moderate in nature rather than at an intensity where glucose concentration may rise. 21, 22 These findings should strengthen the more recent relaxation around pre-exercise glucose levels as a relative contraindication to moderate-intensity aerobic exercise. 23, 24 In this pooled analysis, we demonstrate that there is an alarmingly high risk of hypoglycemia within 45 to 60 minutes of aerobic exercise in adolescents with T1D when no adjustment in insulin or carbohydrate intake occurs, particularly if the adolescent is euglycemic or mildly hyperglycemic prior to exercise. Forty-four percent of the entire cohort developed exercise-associated hypoglycemia (glucose ≤70 mg/dL), with only very high pre-exercise glucose concentrations (≥200 mg/dL) reducing the risk for an hypoglycemic event. This finding should caution caregivers and patients that more proactive strategies need to be in place to prevent hypoglycemia during prolonged, moderate-intensity exercise if glucose levels are in a more targeted range (ie, <200 mg/dL).
In summary, using a moderately large dataset pooled from previously published studies, we observed large inter-individual variation in the glycemic response to prolonged aerobic exercise in youth with T1D. The best predictor of the magnitude of drop in glucose during exercise is the pre-exercise glucose level and more importantly, in this
analysis, there appears to be no level of pre-exercise hyperglycemia that is associated with a worsening hyperglycemia state, at least under the condition of basal-bolus insulin therapy. on a treadmill at a heart rate of approximately 140 beats per minute (bpm) (estimated to be equivalent to 55% VO 2 max) followed by a 5-minute rest period. A heart rate monitor was worn throughout exercise and treadmill speed and/or incline were adjusted as necessary to achieve the target heart rate. This cycle was repeated three more times for a total of four 15-minute exercise periods with 5-minute rest periods in between (75 minutes total). Plasma glucose (central laboratory) was determined prior to starting exercise, during each of the three rest periods, immediately following exercise, and at 15, 30 and 45 minutes following completion of the exercise session.
Study 4: DirecNet conducted another study 5 in which a mix of youth on MDI and CSII (n = 50, ages 10-17 years; 54% on CSII) were observed on one occasion in a setting of afternoon exercise (brisk walking on a treadmill). On the day of exercise at 4:00 PM, if the glucose concentration was <80 mg/dL, the subject was given a snack and the start of the exercise was deferred until the glucose was ≥80 mg/dL. No extra insulin was given if the 4:00 PM glucose concentration was >200 mg/ dL. In insulin pump patients, the usual basal rate was continued during the exercise session, while in the MDI patients, the usual basal insulin was administered. Blood samples for central laboratory determination of glucose and counter-regulatory hormone concentrations (with plasma and serum separated promptly) were obtained from an intravenous catheter prior to starting exercise, during each of the three rest periods, immediately following exercise completion, and 30 minutes after exercise completion. Serum glucose was measured by the DirecNet Central Laboratory (University of Minnesota) using a hexokinase enzymatic method. Capillary glucose was also monitored at the time of exercise using a One Touch Ultra meter ("Ultra"; LifeScan, Milpitas, California). If the meter glucose concentration dropped to <60 mg/dL, exercise was halted, and the subject was given 15 g of carbohydrates unless hypoglycemia developed at which point the exercise was halted, oral carbohydrates were given and after 5 to 15 minutes, the glucose concentration was re-checked. Exercise did not resume until the glucose concentration was >70 mg/dL. For this analysis, two subjects were excluded since a carbohydrate snack was given just before exercise because mild hypoglycemia (<80 mg/dL).
